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Abstract
The ARGO–YBJ experiment has been in stable data taking for more than five years at the Yangbajing cosmic ray observatory
(Tibet, P.R. China, 4300 m a.s.l.). The detector collected about 5×1011 events in a wide energy range from few TeVs up to the PeV
region. In this work we summarize the latest results in cosmic ray physics particularly focusing on the cosmic ray energy spectrum.
The results of the measurement of the allparticle and proton plus helium energy spectra in the energy region between 1012 − 1016
eV are discussed. A precise measurement of the cosmic ray energy spectrum and composition in this energy region allows a better
understanding of the origin of the knee and provides a powerful cross–check among different experimental techniques.
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1. Introduction
The ARGO–YBJ experiment is a full–coverage EAS
detector that has been in operation for more than five
years at the Yangbajing International Cosmic Ray Ob-
servatory (Tibet, P. R. China, 4300 m a.s.l.). The de-
tector has been designed in order to face several open
problems in cosmic ray physics and γ–ray astronomy.
The detector operated simultaneously as a wide field of
view γ ray telescope at the TeV region and as a high
resolution cosmic ray (CR) detector in a wide energy
range from TeV up to 10 PeV. The full–coverage tech-
nique, combined with high–altitude operation and high
segmentation, allow the detection of showers produced
by primaries in the TeV region, so far investigated only
by satellite or balloon–borne experiments.
In this paper the latest results obtained by ARGO–YBJ
on CR physics are briefly summarized and discussed.
2. The ARGO–YBJ experiment
The ARGO–YBJ experiment is a full–coverage de-
tector made of a single layer of resistive plate chambers
1Now at Dipartimento di Fisica - Sapienza Universita` di Roma and
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(RPCs) with ∼ 93% active area, surrounded by a par-
tially instrumented (∼ 20%) guard ring. The 1836 RPCs
are arranged in 153 clusters each made of 12 cham-
bers. The detector has been equipped with two inde-
pendent readout systems: each RPC is simultaneously
read–out by 80 copper strips (6.75 × 61.80 cm2) logi-
cally arranged in 10 independent pads (55.6×61.8 cm2)
and by two large pads called Big Pads (139 × 123 cm2).
Each strip represents the space granularity of the de-
tector, i.e., the pixel used to sample the particles of the
shower front [1]. Each pad signal is sent to a time–to–
digital converter and represents the time pixel, allowing
a resolution of about 1.8 ns in measuring the particle ar-
rival time. The installation of the central full–coverage
carpet was completed in June 2006. The guard ring
was completed during spring 2007 and connected to the
DAQ system in November 2007. A trigger logic based
on the time coincidence between the pad signals have
been implemented. The detector has been in operation
from November 2007 up to February 2013 with a trigger
threshold Npad = 20, corresponding to a trigger rate of
about ∼ 3.5 kHz with a dead time ∼ 4%. The Big Pads
collect the total charge developed by the particles hitting
the detector surface and extend the detector operating
range up to the PeV region [2, 3]. The whole system
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can be operated at eight different gain scales (G0, . . .,
G7) thus extending the detector operating range up to
∼ 10 PeV. Data from the highest gain scale (G7) have
been used for calibration purposes. The intermediate
gain scale (G4) overlaps with the digital readout data
in a wide energy range between 10 and 100 TeV, pro-
viding a cross–calibration of the two techniques. Data
from lowest gain scales (G1 and G0) allow the detection
of showers with more than 104 particles/m2 in the core
region.
3. Cosmic ray energy spectrum
The all–particle energy spectrum of cosmic rays can
be roughly described as a single power law with a knee
at energies around 3.5 PeV. Supernova remnants (SNR)
are commonly identified as the sources of Galactic cos-
mic rays up to the knee region. The origin of the knee
and the transition between galactic and extragalactic ori-
gin are still under discussion. In the standard picture the
origin of the knee is related to a decrease of the flux of
protons and He nuclei [4]. Several experiments reported
an evidence that the knee of the all–particle spectrum is
due to nuclei heavier than Helium. The determination
of the elemental composition around the knee therefore
plays a key role in the understanding of the origin and
acceleration of cosmic rays. The ARGO–YBJ experi-
ment is able to explore the energy region from few TeV
up to several PeV. Measurements of the all–particle and
light component (protons plus Helium nuclei) energy
spectra are currently under way in this energy range.
In order to explore such a wide energy range different
approaches have been used:
- Digital Analysis. It is based on the RPC digital read-
out data (i.e. the strip multiplicity) and covers the
3 − 300 TeV energy range [5, 6].
- Analog Analysis. It uses the information coming from
the RPC analog readout and explores the 30 − 30000
TeV energy range. In this case two approaches have
been followed starting from the observed particle dis-
tribution at ground level: energy reconstruction on a
statistical basis using a bayesian unfolding technique
[7] and energy reconstruction on an event by event
basis [8].
- Hybrid Analysis. It combines the data coming from
ARGO–YBJ and a wide field of view Cerenkov tele-
scope [9, 10].
3.1. Digital analysis
The analysis have been performed on the data col-
lected during the period January 2008 – December
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Figure 1. The light–component spectrum measured by ARGO–YBJ
in the 3–300 TeV energy range compared with other experimental re-
sults. The ARGO 2012 data refers to the first results published in
[5]. Results from PAMELA [13], CREAM [14] and the models by
Ho¨randel [15] and Gaisser, Stanev and Tilav [16] are also shown.
2012. As widely described in [5, 6], by requiring quasi–
vertical (ϑ 6 35◦) showers in an area of about 40×40 m2
centered on the detector and applying a selection cri-
teria based on the lateral particle density, a sample of
showers mainly produced by light elements has been
selected. The energy spectrum has been reconstructed
starting from the multiplicity distribution by using an
bayesian unfolding technique [11, 12]. The spectrum
measured by ARGO–YBJ is shown in figure 1. The
value of the spectral index of a power–law fit to the
ARGO–YBJ data is −2.64±0.01. The ARGO–YBJ data
are in good agreement with the CREAM proton plus he-
lium spectrum. At energies around 10 TeV and 50 TeV
the fluxes differ by about 10% and 20%, respectively.
This analysis demonstrates the excellent stability of the
detector over a long period. For the first time a ground–
based measurement of the CR spectrum overlap with the
results obtained by balloon–borne experiments.
3.2. Analog analysis
The RPC charge readout of the ARGO–YBJ experi-
ment allows the measurement of the particle density in
the shower core region up to 104 particles/m2. This sys-
tem allows the detection of CR in the PeV energy range
and therefore the extension of the CR spectrum mea-
surements up to the highest energies. The high segmen-
tation of the whole system allows a detailed study of the
lateral distribution of particles, which can be exploited
in order to discriminate among showers produced by
primaries of different masses.
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Figure 2. Distribution of N8mP for G4 and G1 datasets.
3.2.1. Unfolding of the CR spectrum
As a first step a detailed study of simulated showers
have been performed in order to identify an energy es-
timator and a suitable set of discrimination parameters.
The number of particles within 8 meters from the core
position (N8mP ) appears to be a robust energy estimator,
not affected by bias effects due to the finite detector size.
Quasi–vertical (ϑ 6 35◦) showers have been selected
inside a fiducial area of about 40 × 40 m2. The anal-
ysis has been performed on the data samples collected
using the G4 and G1 gain scales, corresponding to an
energy range between 10 TeV and 3.5 PeV. In figure 2
the distribution of N8mP of the selected events is reported
for both G4 and G1 Monte Carlo and experimental data
samples. The plot shows a good agreement between ex-
perimental data and simulations, therefore demonstrat-
ing the reliability of the simulation of the detector re-
sponse. The high segmentation of the detector allows
a high–precision study of the lateral particle distribu-
tion at several distances from the core. In showers pro-
duced by protons and helium nuclei the highest fraction
of particles is localized at small distances from the core,
while showers initiated by elements heavier than helium
have a considerable fraction of particles even at large
distance from the core. The ratio between the particle
density measured at several distances from the core and
the one measured around the core can therefore be ex-
ploited in order to identify light primaries. The quantity
β = ρ5/ρ0, where ρ5 and ρ0 are respectively the parti-
cle density measured at ∼ 5 m from the core and in a
region of ∼ 1 m2 around the core, has been used as dis-
crimination parameter. In figure 3 the distribution of β
is reported for different primaries. The plot shows that
a large fraction of protons and helium nuclei have small
β
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Figure 3. Distribution of β for G1 dataset.
values of β, demonstrating the possibility of selecting a
sample of showers mainly produced by light primaries.
The all–particle and light component spectra have been
obtained starting from the measured (N8mP ) distribution
and the particle densities at different distances from the
shower axis by using a bayesian unfolding method.
Results are reported in figure 4. The all–particle energy
spectrum spans the 70–3000 TeV energy range, show-
ing a good agreement with the results of other experi-
ments and therefore demonstrating the reliability of the
method. The p+He energy spectrum spans the energy
range between 30 TeV and 3 PeV, overlapping the re-
sults obtained by analyzing the digital readout data sam-
ple. These results are fairly consistent between each
other, both concerning the spectral index and flux in-
tensity, demonstrating the reliability of the response of
the analog readout system. A deviation from a single
power law is clearly evident at energies of about 700
TeV, where a knee–like structure is observed.
3.2.2. Event–by–event energy reconstruction
The particle lateral density function close to the
shower axis provides information on the shower longi-
tudinal profile in the atmosphere, that can be used in or-
der to estimate the shower age which is related to Xmax,
the atmospheric depth at which the shower reaches it
maximum size. The combined use of the shower en-
ergy and age estimation gives a sensitivity to the pri-
mary mass and therefore the possibility of selecting a
p+He sample. As shown in figure 5 the truncated size
is a mass–dependent energy estimation parameter. In
order to have a mass–independent energy estimator the
LDFs of individual showers have been fitted up to 10 m
from the core with a suitable function to get the slope
s′. The LDF slope s′, combined with the measurement
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Figure 4. All–particle and proton plus helium energy spectra mea-
sured by ARGO–YBJ using a bayesian unfolding technique. The sys-
tematic uncertainty on the flux is shown by the shaded area and the
statistical one by the error bars.
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Figure 1: The primary energy as a function of the
reconstructed truncated size Np8 (within 8m from
the axis) for simulated showers initiated by differ-
ent primary nuclei.
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Figure 2: The longitudinal age parameter slong vs
the lateral age s′ resulting from the fit of the re-
constructed LDF, for simulated showers initiated
by different primary nuclei (see text).
development stage, or the so-called age, which is related to Xmax, the atmospheric depth at which 1
the cascade reaches its maximum size. This implies the possibility of selecting showers within 2
given intervals of Xmax or, equivalently, of Xdm ≡ Xdet −Xmax, the grammage between the depth 3
of the shower maximum and the detection level. For this reason, the combined use of the shower 4
energy and age estimations can ensure a sensitivity to the primary mass, thus giving the possibility 5
of selecting a light (p+He) event sample with high efficiency. 6
As fully discussed in [22], various observables were considered and analyzed in order to find a 7
suitable estimator for the primary CR energy. Among them, according to MC simulations, Np8, the 8
number of particles detected at ground within a distance of 8m from the shower axis, resulted well 9
correlated with energy, not biased by the finite detector size and not much affected by shower to 10
shower fluctuations [22]. Nevertheless, as shown in Fig. 1, this truncated size is a mass-dependent 11
energy estimator parameter. In order to have a mass-independent parameter we fitted the LDFs 12
of individual showers (up to ten meters from the core) event-by-event, for different Np8 intervals 13
and different shower initiating primaries, with a suitable function to get the shape parameter s′. 14
From these studies we find that, for a given primary, the s′ value decreases when Np8 (i.e. the 15
energy) increases, this being due to the observation of younger (deeper) showers at larger energies. 16
Moreover, for a given range of Np8, s′ increases going from proton to iron, as a consequence of 17
older (shallower) showers. Both dependencies are in agreement with the expectations, the slope s′ 18
being correlated with the shower age, thus reflecting its development stage. This outcome has two 19
important implications, since the measurements of s′ and Np8 can both (i) help constraining the 20
shower age and (ii) give information on the primary particle nature. 21
Concerning the first point, we show in Fig.2 the average value of the longitudinal shower 22
age parameter slong ≡ 3Xdet/(Xdet + 2Xmax), for each simulated primary type and Np8 interval, as 23
a function of the LDF slope parameter s′ (i.e. the so-called lateral age [23]), as obtained from 24
the fit of each reconstructed event. As can be seen, the shape parameter s′ depends only on the 25
development stage of the shower, independently from the nature of the primary particle. This 26
expresses an important universality of the LDF of detected EAS in terms of the lateral shower 27
age. The LDF slope s′ is a mass-independent estimator of the average slong (or Xmax). Obviously 28
3
Figure 5. Primary energy as a function of N8mP for showers produced
by different elements.
of N8mP can give information primary particle nature.
From these studies we find that, for given primary,
the s′ value decreases when N8mP (i.e. the energy) in-
creases, this being due to the observation of younger
(deeper) showers at larger energies. Moreover, for a
given range of N8mP , s
′ increases going from proton to
iron, as a consequence of a larger primary interaction
cross-section. This outcome has two important impli-
cations: the measurement of N8mP and s
′ can both con-
strain the shower age and give information about the
primary mass. By assuming an exponential absorption
after the shower max mum we an ge the size at maxi-
mum N8mPMAX ≈ N8mP · exp[(h0 secϑ − Xmax(s′))/λabs]. A
suitable choice of the absorption lenght allows to get a
mass–independent value of N8mPMAX which is a suitable
energy estimator [17]. Selecting quasi-vertical events
(ϑ 6 15◦) with different values of the truncated size
N8mP with the described procedure we reconstructed the
CR all-particle energy spectrum shown in the Fig.4 in
the energy range 80 TeV–20 PeV. The overall systematic
uncertainty is shown by the shaded area while statistical
uncertainty is shown by error bars. Starting from the
data sample selected for the all–particle spectrum anal-
ysis a selection has been made in order to have a sample
of p and He initiated showers. In figure 6 the values
of s′ are reported as a function of N8mP as reconstructed
from simulated showers initiated by different primaries.
The line in the plots shows the cut used in selecting the
p+He enriched sample from real data. The efficiency in
selecting p and He initiated showers and the heavier el-
ements contamination are at the level of 90% and 10%
respectively, with variations of few percent depending
the energy region and the adopted flux parametrizations.
Taking into account these values (and their energy de-
Figure 6. The LDF slope s′ as a function of the truncated size Np8
as reconstructed for showers initiated by different primary nuclei, as
indicated in the upper left labels. The p+He selection cut is shown by
the pink lines.
pendence), the p+He flux has been obtained. The result
is shown in figure 7. The systematic uncertainty on the
flux is show by the shaded area and t statistical one
by the error bars.
3.3. Hybrid analysis
The measurement of the p+He spectrum has been car-
ried out by using an hybrid technique which combines
the in or ati n coming from the ARGO–YBJ detec-
tor and a prototype of the wide FoV Cherenkov tele-
scope array (WFCTA) of the LHAASO project [18].
The telescope is located at about 79 m far from the
ARGO–YBJ detector center. The Cherenkov telescope
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Figure 7. All–particle and proton plus helium energy spectra mea-
sured by ARGO–YBJ by using an event–by–event energy reconstruc-
tion method. The systematic uncertainty on the flux is shown by the
shaded area and the statistical one by the error bars.
consists of an array of 16 × 16 PMTs and has a field
of view of 14◦ × 16◦ with a pixel size of ∼ 1◦ × 1◦.
The idea is to combine two mass sensitive parameters:
the particle density near the shower core measured by
the analog readout of ARGO–YBJ and the shape of
the Cherenkov image measured by WFCT. A total ex-
posure time of 7.28 × 105 seconds has been obtained
between December 2010 and February 2012. A sam-
ple of about 8700 events above 100 TeV have been se-
lected according to the selection criteria described in
[10]. According to MC simulations the largest num-
ber of particles detected by the RPC carpet (Nmax) gives
an estimate of the particle density in the core region
(i.e. within 3 m). For a given energy in showers pro-
duced by light nuclei (Nmax) is expected to be larger
than in showers produced by heavy particles and can
be used in order to select different primary masses. In
addition Nmax ∝ N1.44pe , where Npe is the total number
of photoelectrons collected by the Cherenkov telescope.
A new parameter pL = log10(Nmax) − 1.44 · log10(Npe)
can be defined in order to describe the correlation be-
tween Nmax and Npe. The Cherenkov image of a shower
can be described by using the Hillas parameters [19].
Showers which develop higher in atmosphere, like iron–
induced events, have a more stretched Cerenkov image
(i.e. narrower an longer) with respect to young showers
produced by light particles. The ratio between length
and width (L/W) is a good estimator of the primary
composition. The ratio L/W is also proportional to the
shower impact parameter Rp which is the distance be-
tween the telescope and the shower core position. The
variable pC = L/W − Rp/109.9 m − 0.1 · log10(Npe) has
been introduced. The combination of pL and pC allows
the selection of a sample of p and He induced show-
ers. In figure 8 a contour plot of the pL − pC map is
reported for different primaries in the energy range 100
TeV – 10 PeV. The plot shows the possibility of select-
ing a sample of p and He induced showers with high
efficiency. The energy resolution is about 25%, nearly
measured by Npe0 . By a series of MC studies, we have
introd ced a reduced dimensionless variable pC ¼ L=W −
Rp=109.9 m − 0.1log10N
pe
0 that takes into account the
L=W correlation with both Rp and N
pe
0 .
The H&He sample for this work was selected from the
coincident events by combining the two composition-
sensitive parameters pL and pC. MC studies show that
d fferent composition groups can be statistically separated
on the pL-pC map [18]. A contour plot of the map for two
mass groups, H&He and all other nuclei (C-N-O, Mg-Al-Si
and iron) in the energy range between 100 TeVand 10 PeV,
is shown in Fig. 6. The cuts pL ≥ −4.53 or pC ≥ 0.78
result in a selected sample of H&He s ers with a purity
of 93% below 700 TeVand an efficiency of 72% assuming
the Hörandel composition models [34]. The aperture,
defined as the geometrical aperture (163 m2 sr) times the
selection efficiency, gradually increases to 120 m2 sr at
300 TeVand remains nearly constant at higher energies (see
Fig. 7). The selection efficiency is defined as the ratio of the
selected number of H&He events and the total number of
injected H&He events in the simulation. In the selected
sample, the contamination from the heavy nuclei increases
with primary energy and depends on the composition.
Assuming the Hörandel composition [34], the contamina-
tion of heavy species is found to be 13% at energies around
1 PeV, and gradually increases to 27% around 3 PeV, which
is shown in Fig. 8. The contamination fraction for different
mass groups in Fig. 8 is defined as Ni/(NH þ NHeþ
NCNO þ NMgAlSi þ Niron) with Ni ¼ NCNO, NMgAlSi, Niron
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FIG. 5 (color online). The length to width ratio (L=W) of the
shower Cherenkov image as a function of the impact parameter
Rp, for showers with log10N
pe
0 between 5.0 and 5.3, according to
simulations. The separati n between the different mass groups is
visible.
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FIG. 6 (color online). Composition-sensitive parameters pL and
pC for two mass groups, H&He (solid contours) and heavier
masses (dashed contours) including 1∶1∶1 mixing of CNO,
MgAlSi, and iron. The primary energy of the plotted events is
between 100 TeV and 10 PeV. Numbers on the contours indicate
the percentage of contained events.
(Energy/TeV)
10
log
1.5 2 2.5 3 3.5
.
sr
)
2
A
pe
rtu
re
 (m
10
210
H & He
All particle
H & He with stricter cut
FIG. 7 (color online). Aperture of the hybrid experiment. Solid
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selected H&He events, triangles for the H&He events obtained
with stricter cuts for calibration purposes using the low-energy
part of the spectrum [18].
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FIG. 4 (color online). The simulated largest number of particles
in the RPC (Nmax) as a function of the simulated number of
photoelectrons in the Cherenkov telescope (Npe0 , normalized to
Rp ¼ 0 and α ¼ 0°). The separation between the different mass
groups is visible.
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Figure 8. Composition-sensitive parameters pL and pC for two mass
group , p+He (solid contours) an heavier masses (dashed contours)
including 1:1:1 mixing of CNO, MgAlSi, and ir n. The primary en-
ergy of the plotted events is between 100 TeV and 10 PeV. Numbers
on the contours indicate the percentage of contained events.
constant t roughout the energy range from 100 TeV up
to 3 PeV, with a systematic uncertainty on the energy
scale of 9.7%. The resulting p+He energy spectrum is
reported in figure 9. A knee–like feature is observed at
energies around 700 TeV, with a statistical significance
of 4.2 standard deviati ns.
All the ARGO–YBJ results concerning the all–particle
and p+He spectra are summarized in figure 10.
4. Cosmic ray anisotropy
The arrival directions of cosmic rays are highly ran-
domized by the interaction with the galactic magnetic
field. The observed flux is therefore expected to be
isotropic. Several experiments, however, observed an
energy dependent large scale anisotropy (LSA) in the
sidereal time frame which suggests the existence of two
different broad regions. The first region (tail–in) shows
an excess of CRs and distributed around 40◦ and 90◦ in
Right Ascension (R.A.), while the second (loss–cone)
shows a deficit distributed around 150◦ and 240◦ in R.A.
The amplitude is about 10−4 − 10−3. The ARGO–YBJ
measurem nt of the LSA is eported in figur 11. The
loss–cone and tail–in regions are clearly visible with a
5
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the other measurements was found to be less than 9%,
which makes us confident on the hybrid observation and
the new analysis techniques developed for the measurement
of both the absolute flux and the primary energy.
In the current analysis we adopt the same technique
described in [18] but with looser cuts, in order to have a
larger statistics and reach higher energies. As a conse-
quence, the selected event sample purity is reduced to 93%
below 700 TeV assuming the same composition model.
Since the contamination of heavy nuclei increases with
energy (see Fig. 8), the heavy contaminant not only
increases the observed H&He spectrum flux, but also
changes the spectrum index. To estimate how much the
heavy contaminants introduced by the looser selection cuts
affect the spectrum shape and index, we tried to subtract
them from the spectrum by using the composition model
given in Ref. [34]. We simulated the number of heavy
nuclei that passed the selection cuts for each energy bin.
The result is reported in the last row of Table I. Fitting
the spectrum after the subtraction of these events, we
obtain Ek ¼ 770" 200 TeV, JðEkÞ ¼ ð3.25" 0.22Þ×
10−12 GeV−1m−2 s−1 sr−1, β1 ¼ −2.62" 0.05, and
β2 ¼ −3.58" 0.50. This value of β1 is in excellent agree-
ment with the spectral index −2.63" 0.06 in our previous
report, and correspondingly consistent with the spectral
indexes reported by CREAM [7] and ARGO-YBJ [15,16].
The statistical significance of the observed knee feature
reported in Fig. 10 was estimated by comparing the number
of events observed above the knee with the number of
events expected by extending at PeVenergies the spectrum
measured below the knee. The number of expected events
in the three energy bins above the knee is 82, 39 and 20,
respectively. The difference between the observed number
of events (see Table I) and the expectation from a single
power-law spectrum corresponds to a deficit with a
statistical significance of 4.2 standard deviations. To see
if any artificial feature could have been produced in our
TABLE I. Relevant data related to the H&He spectrum evaluation. For each energy bin of the spectrum, the table reports (1) the
logarithm of the energy, (2) the number of H&He-like events, (3) the measured flux, (4) the aperture, (5) the energy resolution, (6) the
energy offset in the energy reconstruction, (7) the number of contaminating heavy nuclei evaluated under the assumptions given in
the text.
log10ðEmin=1 TeVÞ-log10ðEmax=1 TeVÞ 2.1–2.3 2.3–2.5 2.5–2.7 2.7–2.9 2.9–3.1 3.1–3.3 3.3–3.5
log10ðEcenter=1 TeVÞ 2.2 2.4 2.6 2.8 3.0 3.2 3.4
Number of events 1030 640 339 156 64 21 9
1012 × FluxðGeV−1m−2 s−1 sr−1Þ 212.1" 6.6 63.1" 2.5 20.9" 1.1 6.01" 0.48 1.51" 0.19 0.315" 0.069 0.083" 0.028
Aperture (m2 sr) 90.6 119.4 120.3 121.7 125.7 124.5 128.5
Energy resolution 26.2% 25.7% 24.9% 25.1% 24.6% 24.2% 23.8%
Energy offset −0.04% −0.6% −0.3% 1.9% 2.2% 1.0% 0.1%
Contaminating heavy nuclei 20.1þ6.0−4.5 39.2þ5.5−10.0 28.2þ2.5−7.4 13.7þ1.0−3.5 9.4þ1.4−2.4 5.3þ1.4−1.3 3.4þ1.2−0.8
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FIG. 10 (color online). H&He spectrum obtained by the hybrid
experiment with ARGO-YBJ and the imaging Cherenkov tele-
scope. A clear knee structure is observed around 700 TeV. The
H&He spectra by CREAM [7], ARGO-YBJ [16] and the hybrid
experiment [18] below the knee, the spectra by Tibet ASγ [9] and
KASCADE [10] above the knee are shown for comparison. In our
result, the error bar is the statistical error, and the shaded area
represents the systematic uncertainty.
TABLE II. Summary of systematic uncertainties.
1. Systematic uncertainties in the absolute energy measurement:
Weather/atmosphere conditions "7.6%
Photometric calibration "5.6%
Interaction models "2.1%
Composition models "1%
2. Systematic uncertainties on the H&He flux:
The contamination
of heavy nucleia
−ð1.5 ∼ 2.5Þ%@158 TeV
−ð29 ∼ 51Þ%@2.5 PeV
ARGO-YBJ RPC calibration "7%
Interaction models "4.2%
Boundary selection "3%
H&He selection efficiencies "3%
Saturation of RPCs "0.03%
aContamination of heavy nuclei is not constant with energy
and is dependent on composition models. The composition
models of Ref. [34], Ref. [36] and Ref. [38] are assumed to
estimated the uncertainties.
B. BARTOLI et al. PHYSICAL REVIEW D 92, 092005 (2015)
092005-8
Figure 9. H&He spectrum obtained by the hybrid experiment with
ARGO-YBJ and the imaging Cherenkov telescope. A clear knee
structure is observed around 700 TeV. The p+He spectra by CREAM
[14], ARGO-YBJ [6] and the hybrid experiment [20] below the knee,
the spectra by Tibet AS [21] and KASCADE [22] above the knee are
shown for comparison. In our result, the error bar is the statistical
error, and the shaded area represents the systematic uncertainty
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Figure 10. The all-particle and proton plus helium energy spectra
measured by ARGO–YBJ by using different experimental techinques.
significance greater than 20 s.d. The CR anisotropy has
been studied in seven energy bins and the correspond-
ing R.A. profiles have been fitted with the first two har-
monics. The amplitude and phase of the first harmonic
have been studied as a function of energy. The ARGO–
YBJ results are in good agreement with those obtained
by other experiments, suggesting a decrease of the am-
plitude of the first harmonic at energies greater than
10 TeV (see [23] for details). In the last years many
experiments presented an evidence of the existence of
a medium angular scale anisotropy in both emispheres.
In figure 12 the ARGO–YBJ sky map of medium an-
3
mode, all showers with a number of hit pads Nhits ≥ 20 in the
central carpet in a time window of 420 ns generate the trigger.
The events collected in shower mode contain both the digital
and the analog information on the shower particles. In this
analysis we refer to the digital data recorded in shower mode.
The primary arrival direction is determined by fitting the
arrival times of the shower front particles. The angular reso-
lution for cosmic ray induced showers has been checked using
the Moon shadow (i.e. the shadow cast by the Moon on the
cosmic ray flux), observed by ARGO-YBJ with a statistical
significance of ∼9 st ndard deviations per month. The shape
of the shadow provided a measurement of the detector PSF,
that has been found in agreement with expectations. The an-
gular resolution depends on Nhits (hereafter referred to as pad
multiplicity) and varies from 0.3◦ for Nhits >1000 to 1.8◦ for
Nhits=20-39 (Bartoli et al. 2011).
The pad multiplicity is used as an estimator of the primary
energy. The relation between t e primary energy and the pad
multiplicity is gi en by Monte Carlo simulations. The relia-
bility of the energy scale as been tested with the Moon shad-
ow. Due to the g magnetic fi ld, cosmi rays are defl cted
according to their energy and the Moon shadow is s ifted with
respect to the Moon position by an amount depending on the
primary energy. The westward shift of the shadow has been
measured for different Nhits intervals and compared to simu-
lations. We found that the total absolute energy scale error is
less than 13% in the proton energy range ∼1-30 TeV, includ-
ing the uncertainties on the cosmic ray elemental composition
and the hadronic interaction model (Bartoli et al. 2011).
3. DATA SELECTION AND ANALYSIS TECHNIQUE
The full ARGO-YBJ detector was in stable data taking from
2007 November to 2013 February, with a trigger rate of ∼3.5
kHz and an average duty cycle of ∼86%. For this analysis,
the 2× 1011 events recorded in 2008-2009 were selected ac-
cording to the following requirements:
(1) more than 40 pads fired in the central carpet: Nhits ≥ 40;
(2) shower zenith angle θ < 45◦
About 3.6×1010 events survived the selection, with arrival
directions in the declination band -10◦ < δ < +70◦.
The isotropic CR background was estimated via the qui-
zenith (EZ) angle method, where the expected distribution
was fitted to the experimental data by minimising the residu-
als with an iteration technique (Amenomori et al. 2005). This
approach undoubtedly presents the advantage that it can ac-
count for effects that are caused by instrumental and environ-
mental variations, such as changes in pressure or temperature.
The method assumes that the events are uniformly distributed
in azimuth for a given zenith angle bin, or at least that gradi-
ents are stabl over a long time, as is the case for ARGO-YBJ
(Bartoli et al. 2014a).
Two sky maps are built with cells of 1◦×1◦ in right ascen-
sion α and declination δ: the event map N(αi,δ j) containing
the detected events, and the backgroun map Nb(αi,δ j) con-
taining the background events as stimated by the EZ metho .
The maps are smoothed to increase the statistical significance,
i.e. for each map bin, the events inside a circle of radius 5◦
around that bin are summed.
Let Ii, j denote the relative intensity in the sky cell (αi, δ j),
defined as the ratio of the number of detected events and the
esti ated background events:
Ii, j =
N(αi,δ j)
Nb(αi,δ j)
(1)
Figure 1. Upper panel: significance map of the cosmic ray relative intensity
in the equatorial coordinate system, for events with Nhits ≥ 40. Medium
panel: relative intensity map. Lower panel: relative intensity as a function of
the right ascension, integrated over the declination. The line represents the
best fit curve obtained with the harmonic analysis.
The statistical significance s of the excess (or deficit) of cos-
mic rays with respect to the expected background is given by
s =
Ii, j −1.
σIi, j
(2)
where σIi, j is calculated from N(αi,δ j) and Nb(αi,δ j) taking
into account the number of bins used to evaluate the average
background with the EZ method.
4. SIDEREAL ANISOTROPY
The significance map of the excesses obtained by ARGO-
YBJ using the events with Nhits ≥ 40 is given in the first panel
of Fig.1, while the corresponding map showing the relative
intensity of cosmic rays is reported in the second panel of the
same figure. According to simulations (see next subsection),
the median energy of the selected events is 1.3 TeV.
Two distinct large structures are visible: a complex excess
region at R.A. = 50◦-140◦ (the so called “tail-in” excess) and
a broad deficit at R.A. = 150◦-250◦ (the “loss-cone”). A s-
mall diffuse excess around R.A.= 310◦ and δ = 40◦ is also
present, with a significance of about 13 standard deviation-
s, corresponding to the Cygnus region, mostly due to gamma
ray emission. The Cygnus region hosts a number of gamma-
ray sources, plus an extended emission region detected by
Fermi-LAT (Nolan et.al. 2012) and ARGO-YBJ (Bartoli et
al. 2014b), known as the “Cygnus Cocoon”. Since ARGO-
YBJ cannot distinguish between cosmic ray and gamma ray
showers, the map of Fig.1 also contains some excess due to
gamma ray sources, like the Crab Nebula (R.A.= 83.6◦, δ =
22.0◦). The excesses due to gamma ray sources have a relative
small statistical significance compared to the one reported by
ARGO-YBJ in gamma ray studies (Bartoli et al. 2014c, 2015),
because here the analysis parameters are not optimized for
gamma ray measurements and the smoothing angle is much
Figure 11. Significance(upper panel) and relative intensity (lower
panel) maps measured by ARGO–YBJ in the equatorial coordinate
system.
gular scale (∼ 10◦) in equatorial coordinates is reported
[24]. The median energy of the proton flux has been
estimated from Monte Ca lo simulatio s and turns out
to be E50P = 1.8 TeV. No gamma/hadron separation has
been applied therefore the map is filled with all CR in-
cluding photons. The analysis have been performed on
about 4.5 years of data. The most vident structures are
lo alized around the positions δ ∼ 40◦, α ∼ 120◦ a d
δ ∼ −5◦, α ∼ 60◦. These regions have been observed
with a statistical significance of ∼ 15 s. d. and are con-
sistent with the regions detected by the Milagro exper-
iment [25]. The right side of the m p shows several
few degree excesses that cannot be addressed as random
fluctuations (the significance is larger than 7 s. d.). As
discussed in [24] these structures have been reported for
the first time by ARGO–YBJ.plot shows the statistical significance of the observation,
while the lower one shows the relative excess with respect
to the estimat d background. They look slightly different
because of th atmosphere thickness that the shower must
cross before triggering the apparatus, incr asing with the
arrival zenith angle. As a consequence, most significant
regions do not necessarily coincide with most intense
excesses. It should be noticed that also gamma-ray-induced
signals are visible because no gamma/hadron separation
is applied.
The most evident features are observed by ARGO-YBJ
ar und the positions !! 120", "! 40", and !! 60",
"!#5", spatially consistent with the regions detected
by Milagro [22]. These regions are observed w th a statis-
tical significance of about 15 s.d. and are represented on
the significance map to ether with the other regions of
inter st described in this p per (see Sec. IVA a d
Table II). As known from literature [22,23], the deficit
regions parallel to the excesses are due to using also the
excess events to evaluate the background, which turns out
to be overestimated. Symmetrically, deficit regions, if any,
would be expect to be surrounded by weaker excess
halos, which were not observed. On the left side of the
sky map, several new extended features are visible,
although less intense than the ones aforementioned.
The area 195" $ R:A: $ 290" seems to be full of few-
degree excesses not compatible with random fluctuations
(the statistic l sign ficance is up to 7 s.d.). The observation
of these structures is reported here for the first time.
The upper plot of Fig. 2 is represented in Galactic
coordinates in Fig. 3. As it is clearly visible in this figure,
the hot s ots 1 and 2 are distributed symmet ically with
respect to the Galactic plane and have longitude centered
around the Galactic anticenter. The new detected hot spots
do not lie on the Galactic plane, and one of them is very
close to the Galactic north pole.
A. Localization of the MSA regions
Looking a the ap of Fig. 2, apart from the Galactic
plane, where the gamma-ray sources Crab Nebula,
MGRO J1908þ 06 [52], MGRO J2031þ 41 [53], and
HESS J1841# 055 [54] are visible, four regions have a
significance greater than 5 s.d.
FIG. 2 (color online). ARGO-YBJ sky map in equatorial co-
ordinates for events with Nstrip > 25. The maps have been
smoothed with an angle given by the PSF of the detector. Plot
(a): statistical significance of the observation in s.d. The boxes
represent the parametrization of the regions of interest (see
Sec. IVA and Table II). Plot (b): relative excess with respect to
the estimat d backgroun . The dashed line repr s nts theGal tic
plane, and the black point represents theGalactic center. Eachmap
is aMollweide pr jection on theHealpix pixelization scheme [58].
TABLE II. Parametrization of the four MSA regions.
Region
name
Lowest
R.A.
Highest
R.A.
Lowest
Dec.
Highest
Dec.
Subregion
name
Region 1 58.5" 75.5" 3" 20" Region 1U
46" 76" #15" 3" Region 1L
Region 2 119" 143" 39" 55" Region 2U
113.5" 129.5" 19" 39" Region 2M
118.5" 136.5" #3" 19" Region 2L
Region 3 234" 255" 41" 55" Region 3U
247" 263" 33" 41" Region 3M
247" 282" 15" 33" Region 3L
Region 4 200" 216" 24" 34"
FIG. 3 (color online). ARGO-YBJ sky map of Fig. 2(a) in
Galactic coordinates. Themap center points toward the anticenter.
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Figure 12. ARGO–YBJ sky map in galactic coordinates. The color
scale gives the statistical significance of the observation. The map
center points towards the galactic anticenter.
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4.1. Anisotropy of light elements
Experimental results from EAS–TOP [26] and ICE-
CUBE [27] demonstrate that the morphology of the cos-
mic ray anisotropy changes at energies around 100 TeV.
At energies below 100 TeV the anisotropy is dominated
by dipole and quadrupole components. The non–dipolar
structure of the anisotropy at higher energies challenges
the current paradigm of CR diffusion models. The ICE-
TOP experiment has shown that the structure observed
at ∼ 400 TeV persists also at PeV energies [28] with a
deeper deficit. The origin of the strenght of this deficit
is still unclear. It can be related to propagation effects
from a given source or to the contribution of heavier
nuclei at energies around the knee. As a consequence
the measurement of the contribution of individual ele-
ments to the total CR anisotropy around the knee would
clearly provide fundamental information in the under-
standing of the propagation of CR in our galaxy.
The ARGO–YBJ collaboration has recently presented a
preliminary analysis of the Galactic CR anisotropy for
events induced by protons and Helium nuclei [29].
In order to evaluate the contribution due to light nuclei
to the total CR anisotropy a new method has been pre-
sented. The basic idea of this new approach is to mea-
sure the anisotropy of a particular subset of events (in
this case protons and helium nuclei) taking the com-
plete set of events as an estimator of the background.
Several consistency checks have been made on a sample
of simulated data. This analysis showed an interesting
potential of searching possible correlations between the
known large scale anisotropy structures and deviations
from isotropy induced by light elements.
5. Conclusions
The ARGO–YBJ detector has been in stable data tak-
ing in its full configuration for more than five years at
the Yangbajing International Cosmic Ray Observatory.
With a duty cycle of ∼ 86% the detector has collected
more than 5×1011 events. The peculiar characteristics of
the detector like high segmentation and high altitude op-
eration allows the detection of showers in a wide energy
range between 1 TeV and 10 PeV. The analog readout
system provides a powerful tool to study the particle dis-
tribution at several distances from the core. The detec-
tor has demonstrated an excellent stability over a long
period. Some important achievements on cosmic ray
physics so far obtained by the ARGO–YBJ experiment
have been summarized in this paper. The cosmic ray
energy spectrum has been investigated in a wide energy
range using three different approaches. The all–particle
spectrum is consistent with previous experimental ob-
servations. The energy spectrum of light elements (pro-
tons plus helium nuclei) has been measured from 3 TeV
up 3 PeV. A gradual change of the spectral index at en-
ergies around 700 TeV is clearly evident. This result
demonstrates the possibility of exploring the cosmic ray
properties in a wide energy range with a single ground
based experiment and opens new scenarios about the
evolution of the light component energy spectrum to-
wards the highest energies and the origin of the knee.
Both the large and medium scale have been investigated
by the ARGO–YBJ experiment. The measurement of
the anisotropy for different primary particle masses in
the knee energy region should be a high priority of the
next generation ground-based experiments to discrimi-
nate between different propagation models of CRs in the
Galaxy. A preliminary analysis of the CR anisotropy
for (p+He)-induced events has been carried out with
the ARGO-YBJ experiment developing a new analysis
method.
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